Abstract. There is growing evidence that the heating of ions in coronal holes and the fast solar wind is due to cyclotron resonant damping of ion cyclotron waves. At the same time, the origin of these waves is much less understood. We suggest that the source of the waves in the coronal holes is a heat flux coming from the Sun. The heat flux generates ion cyclotron waves through plasma microinstability, and then the waves heat the ions. We use a new view according to which the heat flux is launched intermittently by small-scale reconnection events (nanoflares) at the coronal base. This allows the heat flux to be sporadically large enough to drive the instabilities, while at the same time to satisfy the time-averaged energy requirements of the solar wind. Depending on the plasma parameters, the heat flux can excite shear Alfvé n and electrostatic ion cyclotron waves. We show that, for reasonable parameters, the heat flux is sufficient to drive the instability that results in significant heating of protons and heavy ions in the inner corona.
INTRODUCTION
It is now widely believed that the heating of the ions in solar coronal holes and the resulting generation of the fast solar wind is due to cyclotron-resonant damping of ion cyclotron waves; see, e.g., recent reviews by Hollweg and Isenberg [1] and Cranmer [2] . Much less understood is the origin of these waves in coronal holes. The mechanisms of the wave generation proposed so far are associated with a number of difficulties; see, e.g., Ref. [3] for a review. We suggest that the waves in the proton cyclotron frequency range are generated by a plasma microinstability due to a heat flux coming from the Sun. The electron distribution functions observed in the solar wind often indicate the presence of a nonzero heat flux in the solar wind frame (e.g., [4] [5] [6] ). Therefore, it is natural to assume that the heat flux also exists in the inner corona. The heat flux can then excite microinstabilities that heat ions. Similar ideas are widely used in ionospheric physics and they were also discussed in connection with the solar corona by Forslund [7] , Toichi [8] , and Coppi [9] .
It is usually thought that the heat flux arises simply from the gradients in a steady corona and solar wind. We explore the consequences of a new view. We assume that the heat flux is launched intermittently by small-scale reconnection events (nanoflares) at the coronal base. This allows the heat flux to be sporadically large enough to drive the instabilities, while at the same time to satisfy the time-averaged energy requirements of the solar wind.
In the reconnection process, a significant part of the reconnected magnetic field energy is released into the thermal energy of electrons. The thermal energy density of the electrons nT can be estimated as the energy density In a collisionless plasma, the electrons escaping from the site of local heating can form a beam-like distribution function, through velocity dispersion, at least at the initial stage of the evolution (e.g., [10] ). The situation at the coronal base is certainly more complicated. Nevertheless, it appears to be reasonable to use a two-component model of the electron distributionfunction consisting of a Maxwellian core and a heat-flux carrying component that moves with respect to it (Figure 1 ).
LINEAR ANALYSIS
We investigate an electron heat-flux ion cyclotron instability. The instability is due to the fact that the maximum of the electron distribution function is displaced with respect to that of the ion distribution function (Figure 1) , so that the destabilization results from the electron Landau resonance. In some sense, it is similar to the instability driven by a parallel current considered, for instance, by Forslund et al. [11] , except that we assume a zero net current condition to be valid.
At large plasma beta, β© 0 1 ¦ the primary growing heat flux instability is a whistler mode (e.g., [12] ). If the plasma beta is between 0.1 and 0.01, then a shear Alfvén heat flux instability is the most important one [13] . In coronal holes, the plasma beta is presumably between 0.01 and 0.001. In this case, an electrostatic heat flux instability is competitive with the shear Alfvén instability [14] . The reason is that the growth rate of the electrostatic instability increases much faster than that of the shear Alfvén instability with increasing heat flux above the threshold. Therefore, the electrostatic instability can dominate even though its threshold is somewhat greater. We solve the full electromagnetic linear dispersion equation for a quasi-neutral electron-proton plasma. For simplicity we use an isotropic Maxwellian distribution function for the protons. The electron distribution function consists of two isotropic Maxwellian components, a cold and dense core denoted by the subscript "c" and a hot and tenuous heat-flux carrying halo ("h"). The two electron components move with respect to each other along the background magnetic field, so that a zero-current condition is satisfied.
The results of our calculations are displayed in Because the instabilities are driven by the Landau resonance with the core electrons, the waves propagate upstream in the solar wind. Similar instabilities on a qualitative level were considered for the first time by Forslund [7] . It should be emphasized that if the waves are in a region of the solar wind where they can actually propagate toward the Sun in the inertial frame, they will be able to reach locations where they are resonant with He¤ other heavy ions, even though they were only proton resonant at the generation site.
At greater plasma beta, the Alfvén instability takes over. Figures 2-4 show the growth rate and frequency at u c 
ION HEATING
Let us now compare the heat flux q that excites the instability with the energy flux at the coronal base q 0 needed to drive the fast solar wind. Taking a typical density and temperature in the vicinity of the coronal base n e The energy flux needed to drive the fast solar wind can be estimated assuming that the expansion factor is 10 and taking into account the fact that at 1 AU the kinetic energy dominates over other forms of energy. It is important that the waves driven by the timeaveraged heat flux can provide effective proton heating in coronal holes, even though the time-averaged flux is much smaller than the sporadic one. To show this, we calculate the proton heating rate by waves from quasilinear theory as
where W is the energy density of the turbulent fluctuations excited by the instability. The heating rate in the vicinity of the coronal base can be estimated by order of magnitude as 10¥ 6 erg cm¥ 3 s¥ 1 from kinetic [16] and fluid [17] models that give the right parameters of the solar wind.
Taking the growth rate of the instability γ £ 10¥ 2 Ω p with Ω p £ 10 5 rad/s, we obtain the following relative wave energy density
In (1) and (2) we imply that the heating rate and the energy density correspond to a time-averaged heat flux. The sporadic wave energy density is thus a factor of q ¢ q 0 £ 200 greater. Nonetheless, this wave energy density is consistent with the one produced by a current-driven instability at a moderately supercritical drift in the quasilinear limit [18] . Note that the Alfvén waves at large propagation angles are almost electrostatic, because their electric field perturbation is almost parallel to the wavevector. Therefore, the quasilinear theory well-developed for the electrostatic instability gives qualitatively right results for the Alfvén instability. The threshold of the instabilities depends on the plasma beta and the ratio of the proton to core temperature. The threshold of the Alfvén instability u£ c is plotted in Figure 6 as a function of the heliocentric distance for typical coronal hole parameters. We used the simple approximate formula
to plot the curve. The beta-dependence of u£ c has the same origin as that in the case of a parallel-current instability in a low-beta plasma [11] and the numerical factor is calculated at β p ¢ u h is constant. However, this is not necessarily the case. If the velocity of the halo u h is initially almost constant, the halo density decreases with distance faster than the density of the background electron population, which plays the role of the current-neutralizing core. Therefore, the ratio n h ¢ n c can increase with the distance together with u c ¦ so that u c is always well above u£ c At later times, the intermittently launched halo expands in the radial direction. As a result, its density decreases faster and the ratio n h ¢ n c does not become too high. In any case, at large enough distances, the threshold of the instability decreases and nearly all of the launched heat flux is transformed to the ion kinetic energy flux. . Threshold core-proton drift velocity and core and proton betas for typical coronal hole parameters as functions of the heliocentric distance.
